Abstract: A year-long study was performed to comprehensively investigate the mass concentration, water-soluble ions, organic and elemental carbons, and elemental components of atmospheric fine particles from March 2006 to February 2007 in Qingdao. The results showed that PM 2.5 concentration was over twice the National Ambient Air Quality Standards of 35 µg/m 3 (GB3095-2012), with the highest value in winter (110 µg/m 3 ) and the lowest in summer (42.8 µg/m 3 ). Non-sea salt-SO 4 2− (nss-SO 4 2− ), NO 3 − , and NH 4 + were the dominant water-soluble ions in PM 2.5 , and showed the highest concentrations in autumn, winter and autumn, respectively, and all had the lowest concentrations in summer. Organic carbon (OC) and elemental carbon (EC) had the lowest levels in summer and the highest values in winter and autumn, respectively. The lower acetic/formic acid (A/F) ratio in summer suggested a predominant secondary formation of water-soluble organic acids. Cl-depletion mainly occurred in summer, along with the largest sea salt proportion in particles in a year when winds came from the southeastern sea. The enrichment factors (EFs) of elements followed an increasing order: Si, Al, Ti, Mg, Ca, Fe, Na, Sr, K, Mn, Ba, V, Cr, Ni, Co, Sc, Cu, As, Cl, Zn, Pb, S, Br, Cd, and Se. The higher EFs from 10.1 to 10,487 for Sr, K, Mn, Ba, V, Cr, Ni, Co, Sc, Cu, Cl, Zn, Pb, S, Br, Cd, and Se suggested the significant influence of anthropogenic sources in the area. Mass closure showed that (NH 4 ) 2 SO 4 , organic matter, and NH 4 NO 3 were the main components, and contributed 31.0%, 25.2%, and 14.0% of PM 2.5 mass in Qingdao, respectively. Source apportionment results showed that secondary sulfate, nitrate, and coal combustion were the main sources. Based on this study and previous publications, the PM 2.5 characteristics-including seasonality in mass and chemical species concentrations and Cl-depletion in summer-were obtained across coastal cities in China.
Introduction
Atmospheric fine particles are a complicated mixture with an important influence on atmospheric processes, climate change, and human health [1] [2] [3] . Currently, particle pollution is an urgent environmental issue in China due to its crucial role in the frequent air pollution episodes (e.g., haze). In the past three decades, numerous field studies have been performed to investigate particle characteristics, with a focus on specific analysis in specific locations [4] [5] [6] [7] [8] and/or a picture of the showed that fine particle pollution was mainly distributed in four regions in China: Beijing-Tianjin-Hebei (North China Plain) [4] , the Yangtze River Delta [8] , the Pearl River Delta [11] [12] [13] , and the Sichuan Basin [6] . Of these regions, particles in coastal cities (which usually suffer from sea and inland sources and their mixture) have distinct characteristics compared with those in inland cities, and are studied relatively scarcely [8, 14] . To date, a holistic understanding of fine particles pollution characteristics in coastal cities in China is still unknown.
Qingdao is a coastal city located in the southern tip of the Shandong Peninsula (35.58° N and 119.5° E) with an area of 1102 km 2 ( Figure 1 ). It faces the Yellow Sea in the south and is an important exit point of the dust storms to the Pacific (Korea and Japan) when the inland wind brings dust through the city in spring. Due to its important location, significant progress has been made in the particle characteristics of the city [15] , including seasonal variation and the possible origin of the water-soluble ions [5] , sea salt contribution to fine particles [5] , concentration, seasonal variation, the size distribution of airborne microbes in bio-aerosols [16] , and so forth. However, long-term and systematic atmospheric fine particle studies remain incomplete.
In this study, a year-long project was conducted from March 2006 to February 2007 that obtained PM2.5 mass and chemical composition in Qingdao, which included inorganic and organic water-soluble ions, organic and elemental carbons, and elemental components. The seasonal variations of the mass and chemical composition in PM2.5 were investigated, and Cl-depletion in Qingdao was discussed. The enrichment factors (EFs) of elements in PM2.5 were calculated to explore their origins, and PM2.5 mass was reconstructed. Source apportionment was performed to identify sources and evaluate their contributions to PM2.5 mass. Based on this study and previous publications, a profile of PM2.5 characteristics across coastal cities in China was obtained. (Table S1) in China. Red, green, and blue solid circles stand for Qingdao, the two inland cities of Beijing and Ji'nan in the North China Plain, and the coastal cities in China, respectively.
Methodology

Sampling and Chemical Analysis
Study Location
The sampling site is located at a conventional continuous monitoring station of the environmental monitoring station on the rooftop of the Debao Garden Hotel in the Shinan District of Qingdao. It is close to the Olympic sailing competition venue in Fushan Bay with no tall buildings nearby, and is representative of the mixed residential and coastal area in Qingdao.
Sampling
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Methodology
Sampling and Chemical Analysis
Study Location
The sampling site is located at a conventional continuous monitoring station of the environmental monitoring station on the rooftop of the Debao Garden Hotel in the Shinan District of Qingdao. It is close to the Olympic sailing competition venue in Fushan Bay with no tall buildings nearby, and is representative of the mixed residential and coastal area in Qingdao. 
Sampling
A TH-16A intelligent particulate sampler (Wuhan Tianhong Instruments Co., Ltd, Wuhan, China) with four channels was used to collect samples in the measurement. Two frontal channels were used to collect PM 10 and two back channels were used for the collection of PM 2.5 . Two airstreams flying at the rate of 16.7 L/min in the two back channels were connected to a Teflon filter (1 µm pore size and 47 mm diameter, Pall Gelman, Inc., New York, NY, USA) for the PM 2.5 mass, water-soluble ions, and elemental analysis, and a quartz filter (1 µm pore size and 47 mm diameter, Pall Gelman, Inc., New York, NY, USA) for determining the organic and elemental carbons in PM 2.5 , respectively.
The samples were collected every six days, and a total of 52 samples were obtained from the Teflon and quartz filters, respectively. Each sample was collected for 23.5 h from 8:00 a.m. to 7:30 a.m. The quartz filters were heated to 600 • C to eliminate all organic species prior to sampling. The Teflon filters were heated at 60 • C and equilibrated in a clean chamber with temperature and RH (relative humidity) automatically controlled at 20 ± 1 • C and 50 ± 5% for 24 h, respectively, prior to being weighed on an analytical balance (Sartorius, ME5-F, detection limit 0.001 mg, Sartorius AG, Goettingen, Germany) before and after sampling to obtain PM 2.5 mass. After collection, the samples were sealed in clean plastic bags, transported to the laboratory, and stored in a freezer at −18 • C before analysis. , and a self-regenerating suppressor (CSRS ULTRA 4-mm, Thermo Fisher Scientific Inc.) were used for cation analysis. The details of this procedure have been described by Yang et al. [9] . In the analysis, the relative standard deviation of each ion was less than 5% in reproducibility tests, and the relative error of each ion was within the range required by the corresponding standard quality control sample.
Organic Carbon (OC) and Elemental Carbon (EC)
Carbon contents were determined by a CHN (carbon, hydrogen, and nitrogen) elemental analyzer (MT-5 Yanaco New Science Corporation, Kyoto, Japan) in a two-step thermal procedure. Prior to analysis, carbonates were removed from the particles by adding diluted HCl. During the analysis, the carrier gas was the mixture of helium with a flow rate of 180 mL/min and oxygen with a flow rate of 15 mL/min. When the combustion furnace temperature is set at 450 • C, the OC content in PM 2.5 sample with a size 3.14 cm 2 put in a combustion boat can be determined directly. When the combustion furnace temperature is at 950 • C, the TC (total carbon) concentration in PM 2.5 can be determined directly. The detailed procedure has been described in previous publications [17, 18] . The concentration of EC was calculated by TC minus OC (EC = TC − OC). In the method, the relative standard deviations of OC and EC were 0.25% and 0.5%, respectively, and the detection limit was 5 µgC. The total carbon data had good agreement with those from the two-stage thermal method of Cachier et al. [19] . OC and EC values were different from those from Cachier et al. [19] , as the OC/EC split is laboratory operational [17] . Other comparisons among different OC/EC analysis methods also pointed out this problem [20] [21] [22] . Internal consistency of the data set remains the best guide for OC/EC measurements at present. 
Inorganic Elements
The Teflon filters were analyzed for 25 elements (Al, Na, Cl, Mg, Si, S, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Br, Sr, Cd, Ba, and Pb) using an X-ray fluorescence spectrometer (WDXRF, RIGAKU RIX 3000, Rigaku Corporation, Tokyo, Japan). The relative standard deviation of each element was within 10%, and the relative errors between measured value and standard value of the quality control sample was less than 10%.
Data Analysis Methods
Enrichment Factor
The enrichment factors-defined as EF = (C i /C n ) environment/(C i /C n ) background-can be used to evaluate the contribution of anthropogenic and crustal sources, where C i is the concentration of element i and C n is the concentration of the reference element. Al is used as the reference element here. In this study, the concentrations of elements in background refer to their concentrations in topsoil in China [23] . When EF is close to 1, the element i is mainly derived from the crustal source, when EF is greater than 10, it indicates that the element i primarily originates from anthropogenic source, and when EF is between 1 and 10, the anthropogenic source is small while natural source is still the main factor for the element i.
Chemical Mass Closure
In this study, PM 2.5 mass was reconstructed as the sum of SO 4 2− , NO Based on the signal-to-noise (S/N) ratio in the PMF guidelines, EC and Ni were categorized as "weak", while V, Cr, and Cd were categorized as "bad", which would be ignored. In this study, five, six, seven, and even eight different sources in the PMF analysis were tested to determine the appropriate number of source factors. These tried numbers of factors were tested by using bootstrap and displacement. Then, PMF was run several times with the Fpeak values in the range ±2 to determine the Q/Qexp. For each species, the Q/Qexp for a species is the sum of the squares of the scaled residuals for that species divided by the overall Qexpected divided by the number of strong species. For each sample, the Q/Qexp is the sum of the square of the scaled residuals over all species, divided by the number of species. In the seven-factor model, a value of Fpeak = −0.1 provided the Q/Qexp minimum and the most physically reasonable source profiles.
The PM 2.5 Characteristics across Coastal Cities in China
To obtain the characteristics of atmospheric fine particles in the coastal cities in China, we investigated earlier measurements taken during 1997-2010, which had seasonal variations for SO 4 2− , NO 3 − , NH 4 + , OC, and EC in 10 cities (Figure 1) . A brief introduction of the locations, sampling dates, and analyses for these studies are listed in Table S1 , and the concentrations of SO 4 2− , NO 3 − , NH 4 + , OC, and EC in these cities are compiled in Tables S2 and S3 . 
Results and Discussions
PM 2.5 Concentrations in Qingdao
The concentrations of PM 2.5 in Qingdao ranged from 8.49 to 285 µg/m 3 with an average of 79.0 µg/m 3 in the observation. This is over twice the National Ambient Air Quality Standards of 35 µg/m 3 (GB3095-2012). The mass concentration of PM 2.5 had an apparent seasonal variation in Qingdao with the highest value in winter (110 µg/m 3 ) and the lowest in summer (42.8 µg/m 3 ). In winter, winds blowing from inland contain pollutants emitted from anthropogenic activities in the northwest (Figure 2 ), while the summer monsoon shifts to southeasterly winds that carry clean air to the site. In addition, the atmospheric dilution rate per unit length-which means wind speed multiplies the mixing height and can be used to evaluate the diffusion capability of the atmosphere [28] -was lower in autumn and winter in Qingdao (Figure 2 ). The lower diffusion capability and the increase in particulate matter emission as a result of heating in winter jointly led to high particle loading. In summer, aside from clean air from the sea, high precipitation ( Figure 2 ) also played a significant role in lower particle concentration. winter, winds blowing from inland contain pollutants emitted from anthropogenic activities in the northwest (Figure 2 ), while the summer monsoon shifts to southeasterly winds that carry clean air to the site. In addition, the atmospheric dilution rate per unit length-which means wind speed multiplies the mixing height and can be used to evaluate the diffusion capability of the atmosphere [28] -was lower in autumn and winter in Qingdao (Figure 2 ). The lower diffusion capability and the increase in particulate matter emission as a result of heating in winter jointly led to high particle loading. In summer, aside from clean air from the sea, high precipitation ( Figure 2 ) also played a significant role in lower particle concentration. 
Chemical Species
Water-Soluble Ions
Sulfate, Nitrate, and Ammonium The concentrations of the major chemical components in PM2.5 are provided in Table 1 . The sum of Non-sea salt-SO4 2− (nss-SO4 2− ), NO3 − , and NH4 + contributed 45.7% to PM2.5 mass, indicating that nss-SO4 2− , NO3 − , and NH4 + were the dominant ions in PM2.5 in Qingdao. Other inorganic water-soluble ions, including Cl − , Na + , K + , Mg 2+ , and Ca 2+ , occupied 5.58% of PM2.5 mass. Nss-SO4 2− , NO3 − , and NH4 + showed obvious seasonal variations in Qingdao ( Figure 3 ). The value of nss-SO4 2− concentration was the highest in autumn (24.2 μg/m 3 ) and lowest in summer (13.7 μg/m 3 ). Summer (which has the highest temperature and RH of the four seasons; see Figure 2 ) has conditions which are favorable for sulfate formation by gaseous or aqueous phase reactions, and sulfate concentration was the lowest-most likely due to the dominant summer monsoon in the southeast which brings clean air mass from the sea to the site and causes pronounced precipitation ( Figure 2 ). In autumn, concentration was the highest in autumn (24.2 µg/m 3 ) and lowest in summer (13.7 µg/m 3 ). Summer (which has the highest temperature and RH of the four seasons; see Figure 2 ) has conditions which are favorable for sulfate formation by gaseous or aqueous phase reactions, and sulfate concentration was the lowest-most likely due to the dominant summer monsoon in the southeast which brings clean air mass from the sea to the site and causes pronounced precipitation ( Figure 2 ). In autumn, wind direction is dominant in the south and northwest (Figure 2 ), which passes through areas influenced by anthropogenic activities and brings polluted air mass to the sampling site. Furthermore, due to the active photochemical reaction of SO 2 through gaseous and aqueous phases determined by the higher temperature and RH, as well as the accumulation caused by the lowest diffusion capability of the atmosphere (Figure 2 ), nss-SO 4 2− showed the highest level in autumn. The concentration of sulfate in winter followed autumn. The concentration of SO 2 in winter was the highest of the four seasons due to the heating supply of the northern city [5] ; however, the lower temperature and RH do not favor the photochemical transformation of SO 2 to sulfate, which probably resulted in lower sulfate concentrations in winter than in autumn. NH 4 + exhibited a seasonal pattern similar to that of nss-SO 4 2− ( Figure 3) ; that is, high concentrations in autumn and winter, and low in spring and summer. The maximum and minimum concentrations of NO3 − appeared in winter and summer, respectively ( Figure 3) . Aside from the conversion of NO2 to HNO3 and the partition of NO3 − between the gaseous and particulate phases (which has a strong dependence on temperature and RH [29] ), the concentration of ammonia is a key factor in determining nitrate concentration in the atmosphere. The seasonal variation of RH was not pronounced in Qingdao in one year, as shown in Figure 2 . The average temperature decreased from 26.7 °C in summer to 2.6 °C in winter (Figure 2) , which resulted in a favorable partition of NO3 − from its gaseous phase to a particulate phase in winter. In summer, the decomposition of NH4NO3 into HNO3 and NH3 in high temperatures (which are easily volatilized) and high precipitation jointly led to the lowest NO3 − concentration at the site.
Chemical Species
The mass ratio of [NO3 − ]/[nss-SO4 2− ] has been used as an indicator of the relative importance of mobile/stationary sources of nitrogen and sulfur in the atmosphere [30] . In China, the estimated NOx to SOx ratios from gasoline burning, diesel burning, and coal combustion are 13:1, 8:1, and 1:2 [29, 31, 32] , respectively. The value of the [NO3 − ]/[nss-SO4 2− ] ratios are low, with a range of 0.3-0.5 in the country as a result of the wide use of sulfur-containing coal [29, 33] . High [NO3 − ]/[SO4 −2 ] mass ratios (two and five) have been reported in downtown Los Angeles and in Rubidoux partly due because there is no coal use in Southern California, USA [34] . In this study, the annual average [NO3 − ]/[nss-SO4 2− ] mass ratio was 0.48, which was less than 1 and indicated that stationary source emissions were more important than vehicle emissions in Qingdao. The [NO3 − ]/[nss-SO4 2− ] mass ratio varied between 0.1 and 1.2 in one year. The highest average ratio was in winter (0.66), and the lowest was in summer (0.17), which may be attributed to the easy decomposition of particulate NO3 − in relatively high summer temperatures. Formic, Acetic, and Oxalic Acids
The total formic, acetic, and oxalic acids accounted for 0.47% of PM2.5 mass. Acetic acid and formic acid in summer were the lowest in four seasons, which may be attributed to the dominant southeast monsoon wind from the sea and the large precipitation in summer (Figure 2 ).
Acetic acid is mainly produced from primary emissions, while formic acid comes from secondary transformations [35] [36] [37] [38] . The ratio of acetic to formic acid (A/F) is used to evaluate the relative importance of primary and secondary emissions. When A/F is more than 1, it means that primary sources are predominant; conversely, secondary sources are dominant [38] . In this study, the A/F ratio was high in one year (1.68), indicating that primary emissions were the dominant The maximum and minimum concentrations of NO 3 − appeared in winter and summer, respectively ( Figure 3) . Aside from the conversion of NO 2 to HNO 3 and the partition of NO 3 − between the gaseous and particulate phases (which has a strong dependence on temperature and RH [29] ), the concentration of ammonia is a key factor in determining nitrate concentration in the atmosphere. The seasonal variation of RH was not pronounced in Qingdao in one year, as shown in Figure 2 . The average temperature decreased from 26.7 • C in summer to 2.6 • C in winter (Figure 2 ), which resulted in a favorable partition of NO 3 − from its gaseous phase to a particulate phase in winter.
In summer, the decomposition of NH 4 NO 3 into HNO 3 and NH 3 in high temperatures (which are easily volatilized) and high precipitation jointly led to the lowest NO 3 − concentration at the site.
The mass ratio of [NO 3 − ]/[nss-SO 4 2− ] has been used as an indicator of the relative importance of mobile/stationary sources of nitrogen and sulfur in the atmosphere [30] . In China, the estimated NO x to SO x ratios from gasoline burning, diesel burning, and coal combustion are 13:1 Formic, Acetic, and Oxalic Acids
The total formic, acetic, and oxalic acids accounted for 0.47% of PM 2.5 mass. Acetic acid and formic acid in summer were the lowest in four seasons, which may be attributed to the dominant southeast monsoon wind from the sea and the large precipitation in summer (Figure 2) .
Acetic acid is mainly produced from primary emissions, while formic acid comes from secondary transformations [35] [36] [37] [38] . The ratio of acetic to formic acid (A/F) is used to evaluate the relative importance of primary and secondary emissions. When A/F is more than 1, it means that primary sources are predominant; conversely, secondary sources are dominant [38] . In this study, the A/F ratio
was high in one year (1.68), indicating that primary emissions were the dominant source of carboxylic acids in Qingdao. The A/F ratio had an obvious seasonal variation with winter (2.85) > autumn (1.23) > spring (0.63) > summer (0.59), suggesting more secondary carboxylic acid formation in summer.
Cl − and Cl-Depletion Cl − is an important species in aerosols in coastal cities due to both sea sources and anthropogenic activities. As shown in Table 1 , Cl − showed the highest concentration in winter and the lowest in summer in Qingdao, which may be attributed to dominant influences from anthropogenic sources under northwestern winds in winter and from sea sources under southeastern winds in summer. Furthermore, Cl-depletion probably had a significant contribution to the lower Cl − concentration in summer.
NaCl in the sea salt droplet may react with SO 2 and NO x in the atmosphere, which may produce H 2 SO 4 and HNO 3 in the NaCl droplet. The formation of H 2 SO 4 and HNO 3 increases the acidity in the NaCl droplet, and can result in the evaporation of HCl, thus making the ratio of Cl to Na less than that in sea salt, leading to Cl-depletion. Cl-depletion may be evaluated by Cl excess /Cl reference . The Cl excess and Cl reference were calculated by the following Equations:
Cl excess = Cl sample − Cl reference Cl reference = Na sample /(Na/Cl) sea = Na sample /0.556 Table 2 shows the degree of Cl-depletion in four seasons in Qingdao based on the assumption that all Na + in PM 2.5 comes from sea salt. In this table, the negative value means that there is probably a Cl-depletion as the Na + sample was impossible to absolutely ascertain its sea salt origin, and the positive Cl excess /Cl reference declared that Cl − comes from anthropogenic sources aside from sea salt. In Qingdao, the annual average chloride was enriched. However, there was a negative Cl excess /Cl reference in summer, meaning that Cl-depletion occurred only when the south wind was dominated by a high sea salt proportion in aerosols (see Section 3.2.4 Mass Closure) under higher temperatures (Figure 2) , which is most likely favorable for Cl-depletion reactions [39] . The positive Cl excess /Cl reference in spring, autumn, and winter suggested that Cl enrichment influenced by anthropogenic emissions was greater than Cl-depletion-especially in winter, when the northwest wind goes through the inland to the site. In the three seasons, Cl mainly came from coal combustion (see Section 3.2.5 Source Apportionment). Figure 4 shows the time series of OC and EC concentrations during the measurement in Qingdao. The average mass concentrations of OC and EC were 12.4 µg/m 3 and 2.02 µg/m 3 , respectively. The lowest concentrations of OC and EC were both observed in summer, while the maximum concentrations were in winter for OC and in autumn for EC. Aside from the clean air mass influenced by southeastern wind in the summer, another reason for the lower concentration of EC in summer is probably due to higher precipitation, as shown in Figure 2 . The concentrations of OC and EC had good relationships in one year and four seasons ( Figure 5 ), implying the inner correlation of OC and EC and their common sources in Qingdao [9, 40] . Among them, the correlation in summer was weaker compared to the other three seasons, meaning more diverse sources or more secondary organic carbon (SOC) formation due to the active photochemical reactions. It has been suggested that if the ratio of OC/EC > 2.0, SOC will be formed [41] . The ratios of OC/EC in Qingdao were in the range of 1.84-12.0 with an average of 6.14, indicating that SOC was formed. The concentration of SOC was estimated through the following equation: OCsec = (OC)tot − (EC) × OC/EC)pri. The minimum of OC/EC is usually used as the value of (OC/EC)pri (1.84 in this paper) [42] . In this study, SOC accounted for 70.0% of OC, implying that SOC was the predominant organic component in PM2.5. The concentration of SOC and its fraction in PM2.5 in summer were both the lowest (Figure 4 ), most likely due to frequent precipitation with dominating southeast winds which remove SOC out of particles in summer, although the relatively weak correlation between OC and EC and lower A/F ratio suggested more SOC formation in the season. The It has been suggested that if the ratio of OC/EC > 2.0, SOC will be formed [41] . The ratios of OC/EC in Qingdao were in the range of 1.84-12.0 with an average of 6.14, indicating that SOC was formed. The concentration of SOC was estimated through the following equation: OCsec = (OC)tot − (EC) × OC/EC)pri. The minimum of OC/EC is usually used as the value of (OC/EC)pri (1.84 in this paper) [42] . In this study, SOC accounted for 70.0% of OC, implying that SOC was the predominant organic component in PM2.5. The concentration of SOC and its fraction in PM2.5 in summer were both the lowest (Figure 4 ), most likely due to frequent precipitation with dominating southeast winds which remove SOC out of particles in summer, although the relatively weak correlation between OC and EC and lower A/F ratio suggested more SOC formation in the season. The It has been suggested that if the ratio of OC/EC > 2.0, SOC will be formed [41] . The ratios of OC/EC in Qingdao were in the range of 1.84-12.0 with an average of 6.14, indicating that SOC was formed. The concentration of SOC was estimated through the following equation: OC sec = (OC) tot − (EC) × OC/EC) pri . The minimum of OC/EC is usually used as the value of (OC/EC) pri (1.84 in this paper) [42] . In this study, SOC accounted for 70.0% of OC, implying that SOC was the predominant organic component in PM 2.5 . The concentration of SOC and its fraction in PM 2.5 in summer were both the lowest (Figure 4 ), most likely due to frequent precipitation with dominating southeast winds which remove SOC out of particles in summer, although the relatively weak correlation between OC and EC and lower A/F ratio suggested more SOC formation in the season. The SOC concentration in winter was the highest, and was related to the combination of poor conditions for diffusion and scarce rainfall (Figure 2) , as well as the increased emissions of the SOC precursors, including volatile organic compounds and semi-volatile organic compounds, which increased along with the added emissions under extra coal consumption for heating in the city and transport by the dominant northwest wind through the inland area [9] .
Elemental Components Elemental Concentrations
In Qingdao, elemental concentrations showed large variations from below the detection limit to 12.3 µg/m 3 . Different elements had different seasonal patterns (Table 1) . However, the concentrations of most measured elements decreased during summer, which was due to monsoon from the sea and the washout effect of rainfall ( Figure 2 ) [14] . For Al, Mg, Si, Ca, Ti, and Fe, related to crustal sources, the concentrations were higher in spring, presenting similar variations to Ji'nan [9] (the capital city of Shandong Province) and the megacity of Beijing in the North China Plain [43] . The higher value in spring was ascribed to the winds blowing from inland and the dust storms which were universal in Northern China in spring. Additionally, construction activity may be a significant Ca source, as the ratios of Ca/Si and Ca/Al are higher [4] . In Qingdao, there were no clear seasonal variations for the ratios of Ca/Si and Ca/Al. Therefore, it is uncertain whether construction activity had a significant impact on the concentration of Ca in the city. The concentrations of non-crustal elements, including Mn, Cu, Zn, Pb, Cl, Br, As, and Se were higher in winter than in other seasons (Table 1) . Among them, the high concentrations of Mn, Cu, Zn, and Pb may be related to the highest PM 2.5 concentrations under the lower diffusion capability and less precipitation in winter. The concentrations of Cl, Br, As and Se, used as an indicator of coal burning, showed higher values in winter due to the extra coal consumption for heating. The ratio of Br to Pb-which is used to reflect the influence of automobile exhaust-was higher in Qingdao (44.7%) than that of the urban sampling site of Ji'nan (26.6%), which is most likely due to more vehicles in Qingdao (the possession of civil vehicles in Qingdao vs. Ji'nan: 126 million vs. 98 million) [9] . The concentrations of metal elements, including Sc, V, Cr, Ni, Co, Sr, and Cd showed no obvious seasonal variations, probably related to industrial or traffic emissions. Notably, compared to the mass concentrations of Ni (0.01 µg/m 3 ) and V (<0.01 µg/m 3 ) in Ji'nan [9] , the higher values in Qingdao may be due to fuel oil combustion related to local shipping exhaust [44] , as the cargo handling capacity of Qingdao port was 22.4 million tons in 2006, ranking 5th in the main ports in China. Figure 6 shows the EFs of elements annually, broken down by season. The EF values of Si, Ti, Mg, Ca, Fe, and Na were lower than 10, indicating that they were mainly from crustal sources. In contrast, the EF values were larger than 10 for Sr, K, Mn, Ba, V, Cr, Ni, Co, Sc, Cu, Cl, Zn, Pb, S, Br, Cd, and Se, meaning that these elements mostly originated from non-crustal sources and were related to anthropogenic activities [43, 45] . In addition, Mg, Na, Sr, Ba, V, Cr, Ni, Co, Sc, S, and Cd had higher EFs in summer compared to those in the other three seasons. Mg and Na were probably related to sea sources due to the southeast monsoon, while Sr, Ba, V, Cr, Ni, Co, Sc, and Cd were likely influenced by ship exhaust emissions. S was associated with the secondary formation of sulfate. The EFs of As, Cl, and Br showed the highest values in winter as a result of extra coal burning for heating. (Figure 7) , indicating that nss-SO4 2− was completely neutralized by NH4 + , which meant that SO4 2− was mainly in the form of (NH4)2SO4 in the particles. There was a strong correlation between NO3 − and NH4 + (Figure 7) , implying the presence of NH4NO3. Moreover, in Figure 8 shows the mass reconstruction of the main constituents in PM2.5. Of all species, (NH4)2SO4 was the main component of PM2.5 in Qingdao, accounting for 31.0% of the total mass, followed by organic matter (25.2%) and NH4NO3 (14.0%). The percentage of unidentified components was 18.3%, and may be related to the aerosol-bound water, trace heavy metal elements as metal oxides, systematic errors in chemical quantification, and the decomposition of semi-volatile compounds [8, 43, 46] . In addition, there were strong seasonal variations in compositions of PM2.5 in Qingdao. The contribution 3.2.4. Mass Closure PM2.5 contains major chemical species including: sulfate and nitrate salt, organic matter, elemental carbon, soil dust, sea salt and unidentified components. In Qingdao, the mole ratio of (2 × [nss-SO4 2− ]) with [NH4 + ] (0.55) was less than 1.0 (Figure 7) , indicating that nss-SO4 2− was completely neutralized by NH4 + , which meant that SO4 2− was mainly in the form of (NH4)2SO4 in the particles. There was a strong correlation between NO3 − and NH4 + (Figure 7) , implying the presence of NH4NO3. Moreover, in Figure 8 shows the mass reconstruction of the main constituents in PM2.5. Of all species, (NH4)2SO4 was the main component of PM2.5 in Qingdao, accounting for 31.0% of the total mass, followed by organic matter (25.2%) and NH4NO3 (14.0%). The percentage of unidentified components was 18.3%, and may be related to the aerosol-bound water, trace heavy metal elements as metal oxides, systematic errors in chemical quantification, and the decomposition of semi-volatile compounds [8, 43, 46] . In addition, there were strong seasonal variations in compositions of PM2.5 in Qingdao. The contribution Figure 8 shows the mass reconstruction of the main constituents in PM 2.5 . Of all species, (NH 4 ) 2 SO 4 was the main component of PM 2.5 in Qingdao, accounting for 31.0% of the total mass, followed by organic matter (25.2%) and NH 4 NO 3 (14.0%). The percentage of unidentified components was 18.3%, and may be related to the aerosol-bound water, trace heavy metal elements as metal oxides, systematic errors in chemical quantification, and the decomposition of semi-volatile compounds [8, 43, 46] . In addition, there were strong seasonal variations in compositions of PM 2.5 in Qingdao. The contribution of (NH 4 ) 2 SO 4 showed a peak in summer, as the high temperature and RH favors the conversion of SO 2 to sulfate. Moreover, sea salt also had the highest contribution to PM 2.5 mass in summer due to the main influence from sea sources via the southeast wind in four seasons. The unidentified materials had the largest proportion in summer, which may be associated with the high water content when hygroscopic species (e.g., (NH 4 ) 2 SO 4 ) occupied a great fraction of PM 2.5 under high RH. The contribution of organic matter was maximum in winter, which was related to increased emissions of primary organic mass and the formation of secondary organic mass under high precursor emissions during extra coal consumption for heating. The highest fraction of dust materials presented in spring due to the frequent dust storms brought from inland by the northwest wind. of (NH4)2SO4 showed a peak in summer, as the high temperature and RH favors the conversion of SO2 to sulfate. Moreover, sea salt also had the highest contribution to PM2.5 mass in summer due to the main influence from sea sources via the southeast wind in four seasons. The unidentified materials had the largest proportion in summer, which may be associated with the high water content when hygroscopic species (e.g., (NH4)2SO4) occupied a great fraction of PM2.5 under high RH. The contribution of organic matter was maximum in winter, which was related to increased emissions of primary organic mass and the formation of secondary organic mass under high precursor emissions during extra coal consumption for heating. The highest fraction of dust materials presented in spring due to the frequent dust storms brought from inland by the northwest wind. 
The EFs of Elements
Source Apportionment
Based on the result of PMF modeling combined with local condition, seven factors were determined at this site. These seven factors were (i) soil dust; (ii) coal combustion; (iii) sea salt; (iv) secondary nitrate; (v) secondary sulfate; (vi) traffic; (vii) industry (Figures 9 and 10) . 
Based on the result of PMF modeling combined with local condition, seven factors were determined at this site. These seven factors were (i) soil dust; (ii) coal combustion; (iii) sea salt; (iv) secondary nitrate; (v) secondary sulfate; (vi) traffic; (vii) industry (Figures 9 and 10 ). Figure 10 . The source contributions to PM 2.5 mass calculated by PMF.
Factor 1 was soil dust, which contained 41.2%, 41.2%, 40.3% of Ti, Si, Al, respectively. The time series of the factor contribution peaked in spring, which might be owing to the frequent occurrence of dust storms in spring. These elements are often found in geological materials, considered as crustal elements [47] . This factor contributed 7.1% to PM 2.5 mass.
Factor 2 was characterized by the high loadings of Cl − (78.6%) and Br (68.3%), and identified as coal combustion. The time series of the source contribution peaked in winter, which indicated that the anthropogenic activities were frequent in winter. High contribution of Cl − was probably associated with coal combustion, and the elements Cl and Br are considered as the tracers of coal burning [48] . This factor contributed 18.1% to PM 2.5 mass.
Factor 3 was sea salt, represented by the high loadings of Na + (32.3%) and Mg 2+ (30.9%). The peak of this factor for contribution appeared in summer in the time series plot, which was coincident with the wind direction in summer-prevailing southeasterly winds from the Yellow Sea. Na + and Mg 2+ were also the typical ions of sea salt. Sea salt occupied 5.7% of PM 2.5 mass in Qingdao.
Factor 4 was identified as secondary nitrate, with high loadings of NO 3 − (66.4%) and NH 4 + (29.3%). Nitrate originates from precursor NO x through reaction with hydroxyl radicals. During the heating period, NO x was emitted from both mobile and stationary sources, while during the non-heating period, the contributions of mobile sources accounted for the major parts [49] . Secondary nitrate occupied 25.2% PM 2.5 mass. Factor 5 was classified as secondary sulfate, with the high contributions of SO 4 2− (55.0%) and NH 4 + (42.8%). The peak of the sources appeared in summer and winter in the time series plot.
Secondary sulfate formation was under the photochemical reaction, which was frequent in summer due to the high temperature and sufficient light. In addition, the amounts of SO 2 from coal combustion were relatively higher in winter, which made the conversion of sulfate faster. This factor contributed the largest proportion of PM 2.5 mass (25.7%). Factor 6 was traffic source, characterized by high Ca 2+ (35.2%), EC (30.7%), Mn (28.2%), Fe (23.7%), and Zn (23.3%). Ca originates from the combustion of lubricating oil additives. Zn is the additive in motor oil and is also used in tire manufacturing and brake linings [50] . This factor accounted for 10.0% of PM 2.5 mass.
Factor 7 was industry source, including 33.8%, 33.6%, 33.6%, 26.3%, and 20.5% of Se, Cu, OC, Co, and Ni, respectively. As a typical element of oil combustion, Ni is generally associated with oil-fired power plants [50] . Abundant Cu was also emitted from metal smelting, such as copper smelters [51] . Industry emission contributed 8.2% to PM 2.5 mass.
Therefore, the main contribution of soil dust in Qingdao was during the spring. In winter, coal combustion, secondary nitrate and secondary sulfate were the main sources. Sea salt and secondary sulfate had pronounced contributions to PM 2.5 mass in summer. The contributions of traffic and industrial sources were almost evenly distributed in the four seasons. Notably, OC seemed to be almost equally split across six of the seven factors, except for sea salt source. This may be attributed to primary emissions in soil dust, coal combustion, traffic, and industrial sources, and secondary formation in secondary nitrate and sulfate sources. Atmospheric fine particles in coastal cities are not only influenced by marine aerosols, but also by anthropogenic particles originating from human activities such as industrial processing, fuel burning, and vehicular and shipping exhaust. Figure 11 shows the seasonal variations of PM 2.5 , SO 4 and Guangzhou, located in the North China Plain, Yangtze River Delta, the conjunction of Yangtze River Delta and Pearl River Delta, and Pearl River Delta, respectively, from north to south along the coastline of China (Figure 1) . From the figure, it can be found that PM Atmospheric fine particles in coastal cities are not only influenced by marine aerosols, but also by anthropogenic particles originating from human activities such as industrial processing, fuel burning, and vehicular and shipping exhaust. Figure 11 shows the seasonal variations of PM2.5, SO4 2− , NO3 − , NH4 + , OC, EC, [NO3 − ]/[SO4 2− ], and OC/EC ratios in four typical cities: Qingdao, Shanghai, Fuzhou, and Guangzhou, located in the North China Plain, Yangtze River Delta, the conjunction of Yangtze River Delta and Pearl River Delta, and Pearl River Delta, respectively, from north to south along the coastline of China (Figure 1) . From the figure, it can be found that PM2.5, SO4 2− , NO3 − , NH4 + , OC, and EC showed the maximum concentrations in winter or autumn and the minimum levels in summer. This is due to the temperate continental monsoon climate in the coastal areas of China. Summer monsoons bring air from the seas in the south and east, which result in plentiful rainfall and decreased concentrations of PM2.5 and its chemical species. Winter monsoons blow from Siberia and the Mongolian Plateau, and then through north and west China mainly influenced by anthropogenic activities, which brings polluted air to these coastal areas, thus resulting in the higher species concentrations. The [NO3 − ]/[SO4 2− ] ratios had their minima in summer and maxima in winter, which was related to the favorable formation of SO4 2− when temperature and RH are high allowing easy decomposition of NO3 − under high temperatures in summer, and that NO3 − remains stable in the particulate phase under lower temperatures in winter. OC/EC ratios did not show consistent seasonal patterns in the four cities, and the highest ratios were in summer, winter, or spring. To further explore the characteristics of PM2.5 in summer and winter, proportions of species in PM2.5 were evaluated based on 10 coastal cities in Table S1 . The results showed that in summer, the contribution of species to PM2.5 mass followed the order: SO4 2− > OC > EC > NO3 − ≈ NH4 + , while in To further explore the characteristics of PM 2.5 in summer and winter, proportions of species in PM 2.5 were evaluated based on 10 coastal cities in Table S1 . The results showed that in summer, the contribution of species to PM 2.5 mass followed the order: SO 4 2− > OC > EC > NO showed comparable proportions in the two seasons (19.6% and 18.1% for OC in winter and summer, and 6.6% and 6.9% for EC in winter and summer). This provided an insight into PM 2.5 characteristics in coastal cities in China. They are useful for the formulation of policy to reduce particle pollution in summer and winter-especially in winter, an important role of NO 3 − in high particle loadings.
Cl-Depletion
Cl-depletion is a unique characteristic in the urban aerosol of coastal cities. As mentioned above, Qingdao showed obvious Cl-depletion in summer (not across the whole year), similar to Shanghai [52] , Hangzhou [53] , Xiamen [54] , and Guangzhou [55] , while Cl-depletion in Hong Kong can be found across all four seasons [56] . In these coastal cities, when air mass was mainly affected by sea sources, Cl-depletion was evident; however, when air mass was from anthropogenic sources or a mixture of anthropogenic and sea sources, Cl was often enriched and Cl-depletion did not show based on the species concentration in the aerosol. Notably, Yao et al. [57] reported that Cl-depletion was more severe during the day than that at night in Xiamen, and suggested that more active chemical reactions occurred during the day.
Conclusions
The daily PM 2.5 mass concentrations ranged from 8.49 to 285 µg/m 3 , with an average of 79.0 µg/m 3 across a one-year field measurement survey in Qingdao, suggesting severe fine particle pollution. PM 2.5 mass, nss-SO 4 2− , NO 3 − , NH 4 + , OC, and EC showed obvious seasonal variations, with the highest concentrations in winter for PM 2.5 mass, NO 3 − , and OC, and in autumn for nss-SO 4 2− , NH 4 + , and EC, and all had the lowest concentrations in summer. SOC accounted for 70.0% of OC, and was the predominant organic component in PM 2.5 . The enrichment factor analysis showed that Si, Ti, Mg, Ca, Fe, and Na were lower than 10, thus indicating that they were mainly from crustal sources. The EFs of Sr, K, Mn, Ba, V, Cr, Ni, Co, Sc, Cu, Cl, Zn, Pb, S, Br, Cd, and Se were larger than 10, meaning that they mostly originated from anthropogenic activities. Mg, Na, Sr, Ba, V, Cr, Ni, Co, Sc, S, and Cd had higher EFs in summer compared to the other three seasons due to the influence of sea sources for Mg and Na, ship exhaust emissions for Sr, Ba, V, Cr, Ni, Co, Sc, and Cd, and secondary formation for S. The EFs of As, Cl, and Br had the highest values in winter, resulting from extra coal burning for heating. The mass reconstruction showed that (NH 4 ) 2 SO 4 organic matter and NH 4 NO 3 were the main components, and had percentages of 31.0%, 25.2%, and 14.0% in PM 2.5 mass, respectively. Source apportionment results indicated that secondary sulfate and nitrate and coal combustion were the main contributions to PM 2.5 mass. Based on the study in Qingdao and previous literature, PM 2.5 mass and chemical species showed seasonal variations with high concentrations in winter or autumn and low concentrations in summer in the coastal cities in China. Compared to that in summer, the fraction increase of NO 3 − in PM 2.5 played a significant role on elevating the particle level in winter in these cities. Cl-depletion mainly happened in summer.
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